In the southeastern United States, most of tomato (Lycopersicon esculentum Mill.) and pepper (Capsicum annum L. var. annum) crops are produced on plastic mulch. The benefits associated with use of plastic mulches include higher yields, earlier harvests, improved weed control, and increased efficiency in the use of water and fertilizers . Plastic mulches affect plant microclimate by modifying the soil energy balance and by restricting soil water evaporation (Liakatas et al., 1986) . Modification of these microclimate factors influence soil temperature, which affects plant growth and yield (Voorhees et al., 1981) . Increased root-zone temperature (RZT) is one of the main benefits associated with use of plastic mulches (Wien and Minotti, 1987) . However, under conditions of high ambient temperature and high solar radiation as they occur during the summer in the southeastern United States, plants often show poor growth and low yield. Under these conditions, mulches warm the soil to temperatures that may be deleterious to plant growth (Miller, 1986; Tindall et al., 1991) .
Research indicates that crop responses to colored mulches are inconsistent, depending on the season, the year, and the region (Csizinszky et al., 1995) . One reason for these apparent inconsistencies is that most of the mulch research is based on empirical studies where the effect of various mulches on yield is evaluated without regard to how the mulches modified the plant microenvironment (Ham et al., 1993; Tarara, 2000) . Significant research during the last 30 years indicates that black mulch is recommended during the spring to warm the soil (Hatt et al., 1995; . In the summer and fall, aluminum or white colored mulches are preferred because these mulches heat the soil less than black mulch (Hatt et al., 1995; Schalk and Robbins, 1987) .
In addition to soil warming, plastic mulches also modify the light environment around the plant. The light reflected from the mulch may affect plant growth and morphogenesis (Decoteau et al., 1988) . However, the influence of mulch color on plant responses has been difficult to reconcile. The effect of mulch color on tomato plant growth and yield vary according to the geographic location and season (Csizinszky et al., 1995) , suggesting that plants grown on colored mulches respond to factors in addition to the light reflected from the mulch.
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temperature are accompanied by a decline in root and shoot growth (Cooper, 1973; Miller, 1986; Voorhees et al., 1981) . Minimum, optimum, and maximum RZTs for plant growth vary among species (Cooper, 1973) . Studies at constant RZT indicate that the optimum RZT for mineral nutrient uptake and growth in tomato is between 26 and 34 °C (Cooper, 1973; Gosselin and Trudel, 1983; Tindall et al., 1990) . However, under field conditions plants are exposed to large fluctuations in air and RZTs. Thus, it is probably difficult to extrapolate plant responses in the field to plant responses under controlled environmental conditions (Voorhees et al., 1981) . To our knowledge, there is no report on optimum RZTs for tomato under field conditions, although this information would be useful in tomato production on plastic mulches, as well as in the design of plastic mulches (Tarara, 2000) .
In the present study, colored mulches on drip-irrigated tomato production in the field under a range of root-zone temperatures were evaluated. The objective was to determine the relationship of mean seasonal RZT, as affected by the various colored mulches, with plant growth and fruit yield. The mulches were selected to differ in their soil-warming ability and thus, to result in a range of soil temperatures under the different mulches. The effect of the mulches on air temperature was assumed to be minimal (Ham et al., 1993) .
Materials and Methods
Three experiments were conducted at the Coastal Plain Experiment Station, Tifton, Ga., during Fall 1999, Spring 2000, and Fall 2000. The soil was a Tifton Sandy Loam (a fine loamy, siliceous thermic Plinthic Paleudults) with a pH of 6.3 to 6.7.
FALL 1999. The experimental design was a randomized complete block with five treatments (plastic mulch) and 10 replications. The mulches were gray on black (gray) (Leco, Montreal, Canada); silver on black (silver1) (Clarke Ag Plastics, Greenwood, Va.); white-on-black (white) (Leco); black mulch painted with white latex paint (white-painted); and bare soil. Black mulch was not evaluated because previous studies (Hatt et al., 1995; Schalk and Robbins, 1987) had shown that black mulch is not favorable to tomato plant growth in the fall. 'Sun Chaser' (Petoseed, Saticoy, Ca.) tomato plants were transplanted on 3 Aug. 1999.
SPRING 2000. The experimental design was a split plot with three replications, with plastic mulches (n = 8) as the main plot and three tomato cultivars as the subplot. The mulches used were black (black1), black-on-silver (black2) (Sonoco Products Co., Hartsville, S.C.), gray-on-black (gray) (Leco), red (red) (Sonoco), silver-on-black (silver2) (Sonoco); black mulch painted with silver paint (silver-painted); white-on-black (white) (LECO), and bare soil. The tomato cultivars used were 'Florida-91' (Asgrow, Tifton, Ga.), Bonita Springs, Fla.) and 'Sun Chaser' (Petoseed). Transplanting was on 5 Apr. 2000.
FALL 2000. The experimental design was a split plot with three replications, with plastic mulches (n = 4) as the main plot and tomato cultivars (n = 3) as the subplot. The mulches used were black2, gray, and silver2, and bare soil. Even though black mulch is not recommended for tomato in the fall season, it was used to increase soil temperature and expose the plants to high RZT conditions. The tomato cultivars used were 'Heat Master', 'Heat Wave' (Petoseed), and 'Sun Chaser'. Transplanting was on 1 Aug. 2000. In all three experiments, the experimental plot consisted of an 8-m-long, 0.9-m-wide bed formed on 1.8-m centers. Before laying the mulches with a tractor, the soil was fertilized with N, P, and K at 90, 90 and 54 kg·ha -1 , respectively. The soil was fumigated with a mixture of 7 methyl bromide : 3 chloropicrin (by weight) at 250 kg·ha -1 . Drip irrigation tape (T-Tape; T-Systems Intl., San Diego), with 30.5-cm emitter spacing and a 17-mL·min -1 emitter flow, was placed manually on the surface of the soil in the center of the bed. Six-week-old tomato transplants were planted to the field in a single row per bed at a 60-cm spacing. After transplanting, 250 mL of starter fertilizer solution was applied directly to the base of each transplant. The starter fertilizer solution consisted of 0.72 kg of an 18N-20.2P-0K fertilizer mixed in 100 L of water. Two weeks after transplanting, plants were fertilized weekly for 8 weeks with N and K at 80 and 116 kg·ha -1 , respectively. For both, N and K, the actual rate was 1.4 kg·ha -1 ·d -1 at early stages, 2.0 kg·ha -1 ·d -1 during fruit development, and 1.4 kg·ha -1 ·d -1 at late stages of development. ROOT-ZONE TEMPERATURE, AIR TEMPERATURE, AND PHOTOSYN-THETICALLY ACTIVE RADIATION. RZT was measured by determining soil temperature midway between the plants at 10 cm below the mulch and the soil surface. RZT over the growing season was measured with copperconstantan thermocouples (model 107; Campbell Scientific, Logan, Utah) connected to a datalogger (CR10X; Campbell Scientific) and a relay multiplexer (AM416; Campbell Scientific). The datalogger was programmed to record readings every 10 min and store hourly averages for each plot. Air temperature data were obtained from a University of Georgia weather station located within 200 m of the plots. Incoming and reflected photosynthetically active radiation (PAR) were determined with the quantum sensor of a steady state porometer (LI-1600; LICOR, Lincoln, Nebr.). PAR was measured weekly for 6 weeks on clear days at 1300 to 1400 HR from planting until plants developed full canopy. Reflected PAR was measured by placing the quantum sensor in the middle of the bed, between two plants, facing the mulch surface and at 30 cm above the mulch. The amount of PAR reflected by the mulches was expressed as a percentage of the incoming PAR.
HARVEST. Once-over harvest was made 9 weeks after transplanting. Plants were excised at the soil level, enclosed individually in plastic bags and kept at 12 °C until their vegetative top fresh weight (FW), fruit yield, and fruit number were determined within 24 h. Fruit yield was measured as total fruit FW per plant. Individual fruit FW was calculated as total fruit FW per plant divided by the number of fruit. STATISTICAL ANALYSIS. Data were analyzed using the Analysis of the Mixed Procedure of SAS Institute Inc. (SAS Inst. Inc., 2000) . The relationships of the changes in seasonal RZT and diurnal RZT with respect to time were determined by regression analyses. A three-parameter regression (linear, quadratic, and cubic) was performed on data from each of the mulches. The equation used was y = a + bx + cx 2 + dx 3 , where y is the measured RZT; x is the deviation about the mean of X (diurnal: deviations about noon; seasonal: deviations about week 5); and a, b, c, and d are the coefficients determined by regression analysis. For seasonal relationships, the analysis was done using the daily mean value of RZT for each of the mulches during the whole season. For the diurnal relationships, the analysis was done calculating an average diurnal pattern for each of the mulches, using hourly data for the whole season.
Relationships of plant growth attributes with RZT were constructed using the means of the interaction of season, mulch and cultivar. Various models were evaluated to determine whether there was a change in the relationships of plant growth with RZT. 
Results

SEASONAL AND DIURNAL TRENDS IN RZT.
The rate of change in RZT over the season was primarily linear (Table 1 ). In the mulches where the change in RZT over the season was quadratic or cubic, there was still a strong linear effect. Mean RZT for all mulches declined from 32 °C at transplanting to 24 °C at harvest time during both fall growing seasons (Fig. 1) . In Fall 1999, the rate of RZT decrease was linear for bare soil, gray and silver1 mulch, and cubic for the other mulches (Table 1) . In Fall 2000, the rate of RZT decrease was linear for black2 and silver2, and cubic for bare and gray mulch ( Table 1 ). The linear rate of RZT decrease ranged from 0.9 to 1.6 °C/week in Fall 1999, and from 0.7 to 1.9°C /week in Fall 2000. In Spring 2000, mean RZT increased (from 20 to 29 °C) linearly for all mulches. The linear rate of RZT increase was similar among treatments (range: 1.2 to 1.5 °C/ week). Gray, silver-painted, silver2, and white mulches had the lowest intercept. The intercept in this case was the mean RZT at midseason (week 5). In the fall, mean RZT was 3 to 4 °C higher than in the spring (Table 1) . Mean RZT was highest on black1, black2, and red mulches and lowest on white mulch and bare soil (Table 1) . Mean RZT under the mulches was higher than mean air temperature by 2 °C (white, silver1) to 5 °C (black1, black2).
On a diurnal basis, the rate of change in RZT over time fitted a cubic relationship (Table 2, Fig. 2 ). The rate of change in RZT varied among mulches, as indicated by their differences in linear and cubic parameters (Table 2) . Low linear or high cubic values indicate that RZT declined substantially at night and in the morning, and that the mulch had a low soil-warming ability. High linear or low cubic values indicate that RZT changed little at night and there was a rapid increase in RZT during the day (i.e., mulch had a high soil-warming ability). The quadratic component was small and thus had a small effect on the RZT vs. time relationship.
During the three seasons, bare soil and dark mulches (black1, black2, and red) had a higher soil-warming ability (i.e., a higher linear value) compared to the light-colored mulches (silver1, silver-painted, silver2, and white). The soil-warming ability of gray mulch was intermediate between dark and light-colored mulches. The diurnal trends in RZT of all mulches were similar to each other, except that of Silver1, which showed less diurnal fluctuations in RZT (Fig. 2) . Silver1 warmed the soil at a lower rate (linear was lower) but it retained the heat longer (i.e., cubic was smaller) than the other mulches. Bare soil retained less heat than soil covered with plastic mulches.
The highest RZT at midday occurred under black1, black2, red, and gray mulches and the lowest under bare soil and white mulch (Fig. 2, Table 2 ). Midday RZT under black1, black2, red, or gray mulch was up to 4 °C higher than in bare soil or white mulch. During the night, the range in RZT among mulches was ≤1.5 °C, with the exception of silver1 mulch, which showed a higher RZT than the other mulches.
During the day, the range in RZT among mulches tended to increase with increasing air temperature. On a diurnal basis, RZT under plastic mulches was 1 to 5 °C higher than air temperature. Silver1 showed the smallest diurnal fluctuation in RZT (Fig. 2) . RZT under silver1 mulch was the highest during the night and one of the lowest at midday. Bare soil showed the largest diurnal fluctuation in RZT. In the fall, the minimum RZT occurred at 0600 to 0800 HR (Eastern Standard Time) and the maximum was reached at 1600 to 1700 HR. During the spring, minimum RZT was at 0800 HR and the maximum at 1730 to 1900 HR (Fig. 2) . The minimal and maximal values were calculated by solving the quadratic equation that resulted from the derivative of the cubic relationship of RZT vs. time of the day (Table 2) .
Plastic mulches differed widely in the amount of light (PAR) they reflected. Even mulches of similar color (e.g., silver1 and silver2) differed in their light-reflecting properties (Fig. 3) . Under high irradiance conditions (>1,900 mmol·m -2 ·s -1 ), black1 and black2 reflected the least PAR (10%), and silver1 reflected the most (55% PAR). Bare soil reflected 12% of PAR (data not presented). Data from the three seasons indicate that the amount of light reflected from the colored mulches was inversely correlated with the RZT under the mulches. Because the slope calculated from Fall 1999 data was not statistically different to that from Fall 2000 data, a single regression curve was fitted by pooling all fall data (Fig.  3) . The reflected PAR vs. RZT relationship calculated from the fall data indicated that PAR reflection explained 70% (y = -0.0505x + 30.076; r 2 = 0.702; F = 0.018) of the differences in RZT among mulches, while the relationship from the spring data showed that PAR reflection explained 53% (y = -0.0353x + 27.307; r 2 = 0.528; F = 0.0645) of the differences in RZT. The slope of the fall (-0.0505; SE = 0.0147) and spring (-0.0353; SE = 0.0149) relationships were not statistically different. However, the intercept of the fall (30.076; SE = 0.528) was higher than the intercept of the spring (27.307; SE = 0.477), probably because the mean seasonal RZT were higher in the fall than in the spring. The intercept value is thus highly dependent on the temperature conditions in the field. The intercept in this case is equivalent to the RZT in the absence of PAR reflection from the mulch.
EFFECT OF MULCH AND CULTIVAR ON PLANT GROWTH AND FRUIT YIELD.
There were differences in vegetative top FW and fruit yield among fall and spring seasons (Tables 3, 4 , and 5). In both fall seasons (Tables 3 and 5) , plant FW and fruit yields were lower than in the spring (Table 4) . Within the same season, there were also differences in vegetative top FW and fruit yield among mulches or cultivars. No mulch × cultivar interaction was found (Tables 4 and 5 ). In Fall 1999, growth and fruit yield of plants on bare soil were similar to those of plants on lightcolored mulches (Table 3) . However, in Fall 2000, values for growth and yield of plants on bare soil were the lowest (Table 5) . Thus, plants on either bare soil or gray mulch showed contrasting results in the two fall seasons. During the fall seasons, vegetative top FW and fruit yield were highest in plants grown on light-colored mulches (Tables 3 and 5 ). In the spring, vegetative top FW and fruit yield were highest in plants on dark mulches (Table 4) .
RELATIONSHIP OF RZT WITH PLANT GROWTH AND YIELD.
Pooled data from the three seasons indicated that vegetative top FW, fruit yield, individual fruit FW, and fruit number fit a quadratic relationship with the mean seasonal RZT (Fig. 4) . Quadratic equations in Fig. 4 were used to compute the maximum and optimum RZT for plant growth and yield. Maximum RZT values were calculated by solving the quadratic equation for y = 0 from the sampled data. The optimum RZT for plant growth and yield was calculated by setting the first derivative of the equations equal to 0. The predicted optimum temperatures were 25.4 °C (vegetative top FW), 26.3 °C (fruit yield), 25.8 °C (individual fruit FW) and 26.3 °C (fruit number), with a mean optimum (average of the four optimum values) of 26 °C for the tomato plant. The predicted maximum RZT above which no growth According to the quadratic RZT vs. growth model, growth will be reduced more drastically as the RZT increases above the optimal. Increases in RZT above the optimal value, however, did not affect growth attributes with the same intensity. Fruit yield and fruit number were more sensitive to increases in RZT compared to vegetative top or individual fruit FW (Fig. 5) . From the equations in Fig. 4, a 1°C increase in RZT above the optimal was calculated to reduce the values of the growth attributes by an average of 9%, although the reduction was higher for fruit yield and fruit number compared to vegetative top FW or individual fruit FW (Fig. 5) . A 2 °C increase in RZT above the optimal reduced fruit yield and number by 38%, and vegetative ) and RZT measurements made on each experimental unit twice a week for 6 weeks. Average incident PAR for the season was 1900 µmol·m -2 ·s -1
. Solid lines were fitted by linear regression. Bare soil was not included in the relationship.
top FW and fruit FW by 18%. A 3 °C increase in RZT above the optimal resulted in negligible fruit yield and fruit number, while vegetative top FW and individual fruit FW were reduced by 31%.
Discussion
Results indicate that growth of tomato was highly related to the RZT under mulch. Tomato vegetative top FW and individual fruit FW, fruit number or fruit yield were highest as the seasonal mean RZT under mulch approached the calculated optimal RZT for each growth attribute (25.4 to 26.3 °C). To our knowledge, this is the first report on determination of optimal RZT for tomato under field conditions.
Under controlled-temperature conditions, optimal RZT for tomato shoot growth and fruiting is about 30 °C (Cooper, 1973; Gosselin and Trudel, 1983) . In a growth chamber study, the optimal temperature for tomato root and shoot DW and uptake for the majority of mineral nutrients was at 25 °C (Tindall et al., 1990) . However, plant responses under constant RZT may differ from the responses of plants grown under changing RZT as occurs diurnally and seasonally in the field (Cooper, 1973; Voorhees et al., 1981) . Our data indicated that in the fall, daily mean RZT declined from 32 °C at transplanting to 24 °C at harvest time, while in the spring, mean daily RZT increased from 20 to 29°C over the growing season (Fig. 1) . Thus, particularly during the early stages of development, tomato plants were exposed to more days at RZTs above the optimal in the fall than in the spring, which probably explains the lower values of vegetative top FW and fruit yield in the fall compared to the spring. On a diurnal basis, tomato plants experienced RZT changes of ≤10 °C in both fall and spring seasons. These large diurnal RZT changes indicate that there were times of the day when plants were exposed to RZTs above the optimal.
There were significant differences in soil-warming ability among mulches. Regression analysis showed that over the season, dark mulches (black, gray, and red) had a higher linear value, compared to light-colored mulches. This indicates that dark mulches had a higher soil-warming ability than light-colored mulches. Dark mulches also maintained higher values of RZT relative to light-colored mulches or bare soil. On a diurnal basis, bare soil and dark mulches warmed the soil faster than lightcolored mulches, as indicated by their higher linear and cubic values compared to light-colored mulches (Table 1) . Increased warming ability of the dark mulches was beneficial in the spring. Under cool conditions, dark mulches maintained RZTs closer to the optimal for longer periods of time compared to light colored mulches. Thus, tomato plant growth and yield were higher under dark mulches compared to light-colored mulches. This phenomenon has been recognized since the beginning of plastic mulch utilization . In contrast to the spring, in the fall, when the natural soil-warming pattern is reversed, RZT under light-colored mulches was closer to the optimal compared to the dark mulches. Thus, under warm conditions, plants under light-colored mulches had higher values of vegetative top FW and yield compared to plants under dark mulches.
Under controlled conditions, the general response curve of tomato shoot growth with RZT is sigmoidal both, below and above the optimal RZT. However, the change in shoot DW with each unit change in RZT above the optimal is steeper than below it (Cooper, 1973) . Our field results indicated that vegetative top FW and fruit growth and yield fit a quadratic relationship with RZT under mulch, and there was a rapid decline in growth and yield as the RZT increased above the optimal. The calculated value of maximum RZT for growth and yield was only 3.0 to 4.5°C higher than the optimal. This indicates that tomato plant growth and yield can be reduced drastically even when plants are exposed to RZT only slightly higher than the optimal RZT. We were unable to quantify the effect of RZT below the optimal because of insufficient data. However, it is possible that below the optimal, the slope of the growth response vs. RZT relationship is less steep than above the optimal. Previous reports indicate that minimal RZT for tomato is about 10 °C. Thus, it is possible that small reductions in RZT relative to the optimal do not have a significant impact on plant growth and yield.
Little is known about the effect of high RZTs on plant growth and function. High RZTs can have a drastic effect on vegetative top growth, fruiting, water and mineral nutrient uptake, assimilate partitioning, and root respiration (Cooper, 1973; Dodd et al., 2000; Tindall et al., 1990) . Different organs may also differ in their sensitivity to RZT, as in greenhouse-grown tomato plants where the optimal RZT for shoot dry matter production is 24 °C and that for roots is 26 °C (Tindall et al., 1990) . In the present study, tomato fruit number was more sensitive to the increases in RZT above the optimal than either vegetative top FW or fruit FW. Fruit number and individual fruit FW both determine plant yield. Thus, the decrease in yield was attributed primarily to reductions in fruit number. In several agronomic crops, root temperature stress has been found to influence anthesis and seed development (Zobel, 1992) . Reithmann (1933) , as reported by Cooper (1973) , found that at constant RZT tomato fruit number, fruit size, and fruit yield respond similarly to RZT, with an optimal at 30 to 35 °C.
Our results demonstrated that RZT was also associated with the amount of light reflected from the mulches. Dark-colored mulches were warmer than light-colored mulches. However, the data indicated that the general term of mulch 'color' is inadequate because mulches with the same color differed in their light reflecting properties and thus they differed in their respective RZT. This may explain the apparent poor consistency of results among several reports on colored mulches. For instance, there were differences in bell pepper yield when plants were grown on red mulch with different optical properties, from five different manufacturers (Orzolek and Otjen, 1996) . Mulches may affect root-zone temperature by factors other than reflected light, such as light transmittance and absorbtance of the mulch, bed width, and the degree of contact between soil and mulch et al., 1993)" (Ham et al., 1993) .
The majority of reports suggest that colored mulches influence plant growth and yield primarily through modification of the light environment around the plant (Kasperbauer, 1992) . Red mulches reflect far red light and thus modify the red:far red ratio and phytochrome action in plants (Decoteau et al., 1988; Kasperbauer, 1992; Kasperbauer and Hunt, 1998) . Kasperbauer and Hunt (1998) found that tomato plants on red mulch yield more than those on black mulch and concluded that increased yield was caused by reflection of far red light to the plants. These authors determined that RZT under black mulch (≈27.9 °C) was 0.2 to 0.9 higher that under red mulch, and concluded the differences in RZT between mulches had a minor effect on tomato yield. However, it is possible those differences in RZT were not minor since, according to our model, relatively small RZT increases can have substantial reductions in yield as RZT deviates above the optimal. From mean daily RZT, calculated from the morning and midday data of Kasperbauer and Hunt (1998) , our model predicts that a 0.5 ºC difference between the red (27.4 ºC) and the black (27.9 ºC) mulches results in a yield difference of about 15%. Thus, in addition to the light effects, possibly colored mulches modify RZT in ways that may significantly influence plant growth and yield. RZT as affected by mulches can have a major impact on plant growth and yield but under certain conditions, such as high insect pressure, other factors may be of greater importance. In Spring and Fall 2000, there was a higher incidence of silverleaf whiteflies (Bemisia argentifolii Bellows & Perring), western flower thrips (Frankliniella occidentallis Pergande) and Tomato spotted wilt virus in plants grown in bare-soil relative to those on plastic mulch (Diaz-Perez, personal observation). Thus, from the thermal point of view, bare soil may be a better option than certain colored mulches during high-temperature conditions. However, bare soil may result in increased incidence of insects and vectortransmitted diseases. In addition, colored mulches have been shown to affect plant growth and yield by modifying insect behavior (Decoteau et al., 1988; Schalk and Robbins, 1987) .
In conclusion, colored mulches had a positive or negative effect on tomato plant growth and yield depending on the soilwarming conditions in different seasons. Use of color as a mulch descriptor may be insufficient to predict how plants will respond when grown on colored plastic mulches. Information on the optical and thermal properties of the mulch and the impact of those properties on the RZT will likely contribute to better predicting crop response when grown on colored plastic film mulches.
